Biosensors for glutamate (Glu) were fabricated from Teflon-coated Pt wire (cylinders and disks), modified with the enzyme glutamate oxidase (GluOx) and electrosynthesized polymer PPD, poly(o-phenylenediamine). The polymer/enzyme layer was deposited in two configurations: enzyme before polymer (GluOx/PPD) and enzyme after polymer (PPD/GluOx). These four biosensor designs were characterized in terms of response time, limit of detection, Michaelis-Menten parameters for Glu (J max and K M (Glu)), sensitivity to Glu in the linear response region, and dependence on oxygen concentration, K M (O 2 ). Analysis showed that the two polymer/enzyme configurations behaved similarly on both cylinders and disks. Although the two geometries showed different behaviors, these differences could be explained in terms of higher enzyme loading density on the disks; in many analyses, the four designs behaved like a single population with a range of GluOx loading. Enzyme loading was the key to controlling the K M (O 2 ) values of these first generation biosensors. The counterintuitive, and beneficial, behavior that biosensors with higher GluOx loading displayed a lower oxygen dependence was explained in terms of the effects of enzyme loading on the affinity of GluOx for its anionic substrate. Some differences between the properties of surface immobilized GluOx and glucose oxidase are highlighted.
oxidation of enzymatically produced H 2 O 2 (reactions 2 and 3) is exploited. A variety of chemistries have been explored for efficient detection of H 2 O 2 generated by GluOx, including direct oxidation on metals 12, [24] [25] [26] [27] [28] [29] (usually coated with a permselective polymer to block interference), metallicized carbon 30, 31 or conducting polymercoated Pt, 32 and catalytic oxidation using horseradish peroxidase coupled to a redox polymer. 6, 15, 20, 33, 34 Biosensors in general, and especially those designed for tissue implantation, [35] [36] [37] [38] [39] must fulfill the following minimum criteria for reliable monitoring of the target analyte: appropriate size and biocompatibility properties, good sensitivity to the enzyme substrate, effective rejection of electroactive interference, and low sensitivity to changes in pO 2 over the range of substrate and oxygen concentrations relevant to the intended application. We recently reported preliminary data and analysis of the oxygen dependence of implantable Glu biosensors incorporating GluOx in a poly(o-phenylenediamine), PPD, interference-rejecting layer electrosynthesized onto 125-µm-diameter Pt cylinders (Pt C ) and disks (Pt D ). 40 This represented the first quantitative study of the oxygen dependence of GluOx at low micromolar levels of oxygen and demonstrated that GluOx immobilized on Pt functioned efficiently, even at low pO 2 .
12 Surprisingly, however, the disk-based design, which displayed the higher Glu sensitivity in the linear response calibration region, had a lower (better) oxygen dependence than the corresponding cylinder devices. 40 Here, we extend the experimental data and analysis significantly by determining the Michaelis-Menten kinetic parameters and the oxygen dependence of four Pt/GluOx-PPD designs to investigate this unexpected behavior.
Different Pt/GluOx-PPD configurations were explored to manipulate biosensor Glu sensitivity for two main reasons: first, as part of our ongoing efforts to increase substrate sensitivity sufficiently to detect the normally low micromolar levels of Glu in brain extracellular fluid (ECF); second, and more importantly for the present study, to influence the oxygen demand of the system (reaction 2). Substrate sensitivity of Pt/oxidase-PPD biosensors can be affected by the Pt geometry 40 and by the order of enzyme/polymer deposition on the Pt surface. 41 We therefore used biosensors fabricated from Pt disks and cylinders and GluOx immobilization before and after electrosynthesis of the PPD to determine the oxygen profile of devices with different Glu sensitivities. These studies reveal that surface GluOx loading can be used to control biosensor oxygen dependence in a counterintuitive direction: higher loading led to lower sensitivity to oxygen in the linear range of Glu response. The details of this effect are very different from those for surface immobilized glucose oxidase (GOx), 41, 42 setting limits on the usefulness of GOx as a model enzyme in biosensor design.
EXPERIMENTAL SECTION
Instrumentation and Software. Experiments were computercontrolled, with data collection accomplished using either a Biodata Microlink interface, a PowerLab 8/30 (ADInstruments Inc., U.K.), or a National Instruments (NI, Austin, TX) AT-MIO-16 data acquisition board linked to a low-noise, low-damping potentiostat (Biostat II, Electrochemical and Medical Systems, Newbury, U.K.). In-house software was written in QuickBASIC (version 4.0) and NI LabWindows (version 2.1) QuickBASIC environments to perform amperometric experiments and to collect, plot, and do a preliminary analysis of the data.
Response times were recorded in constantly stirred solution, using the PowerLab module operating at a data acquisition rate of 100 Hz. A t 90% parameter was defined as the time taken for the analyte response to reach 90% of its maximum value from the start of the current upswing and is similar to definitions used previously. 15, 24, 43 The raw data was filtered digitally, using a weighted moving average, to remove small noise spikes. 44 Although effective at reducing noise, this procedure had only a minor effect on the response time itself. For example, the fastest t 90% response observed (H 2 O 2 on bare Pt) was increased by only 0.1 s by this form of digital filtering. The limit of detection (LOD) was determined using the widely used criterion of three times the SD of the baseline. 29, 45 Biosensor Fabrication and Calibration. Pt cylinders (Pt C , 125-µm diameter, 1 mm long) were fabricated from Teflon-coated Pt wire (Advent Research Materials, Suffolk, U.K.). GluOx (EC 1.4.3.11, 200 U mL -1 , Yamasa Corp., Japan) was deposited onto the metal surface by dip-evaporation (1-5 dips) 28 and immobilized by amperometric electropolymerization (+700 mV vs SCE) in 300 mM o-phenylenediamine containing 5 mg mL -1 bovine serum albumin in phosphate buffered saline (PBS, pH 7.4), 46 as described previously to form Pt C /GluOx/PPD biosensors. 28 Pt disks (Pt D ) were fabricated by cutting the Teflon-coated wire transversely to produce 125-µm diameter disks, and Pt D /GluOx/PPD biosensors were fabricated as for Pt C .
The alternative polymer/enzyme configuration (enzyme deposited by dip-evaporation after the polymerization step) was also investigated: Pt C /PPD/GluOx and Pt D /PPD/GluOx, for which the enzyme was immobilized by exposure to glutaraldehyde vapor. 41 After rinsing and a settling period at +700 mV in fresh PBS, amperometric calibrations were carried out to determine the apparent Michaelis-Menten parameters (J max and K M (Glu); see below) and the linear region sensitivity (0-100 µM) of the biosensors to Glu and H 2 O 2 in quiescent air-saturated buffer, unless stated otherwise. All electropolymerizations and calibrations were performed in a standard three-electrode glass electrochemical cell containing 20 mL PBS at room temperature. A saturated calomel electrode (SCE) was used as the reference electrode, and a large stainless steel needle served as the auxiliary electrode.
Monitoring Dissolved Oxygen. A self-calibrating commercial membrane-covered amperometric oxygen sensor (∼1 cm diameter) was used to quantify solution oxygen concentration as described previously. 47 The model used was a CellOx 325 connected to an Oxi 340A meter (Wissenschaftlich-Technische Werkstätten GmbH from Carl Stuart Ltd., Dublin, Ireland), incorporating a temperature probe for automatic compensation. Reliable quantification of O 2 using this device required constant stirring of the solution at a rate of ∼3 Hz, a condition that also ensured homogeneity of the pO 2 throughout the cell. The CellOx 325 range was 0.0-199.9% O 2 (100% corresponding to air saturation) with a resolution of 0.1%. This percentage was converted to an estimated concentration of O 2 by taking 200 µM to correspond to 100%. 42, 48 To avoid contamination of the PBS by oxygen, the electrochemical cell was contained within an Atmosbag (Sigma), 47 a twohand 0.003-in. gauge polyethylene bag that was sealed and filled with N 2 during experiments, inflating to a volume of 280 L. After adding an aliquot of Glu, air was allowed into the system slowly by opening the bag slightly. Oxygen sensor data and biosensor data were recorded simultaneously through the transition from N 2 saturation to ambient air concentration.
Kinetic Model and Data Analysis. A number of sophisticated mathematical models of the behavior of enzymes in membranes have been described. [49] [50] [51] [52] [53] These complex analyses are often needed to understand and optimize the behavior of thick or conducting layers; 53,54 however, a recent study has shown that substrate diffusion is not limiting for PPD layers incorporating enzyme, 55 due to their relatively small thickness. 53 This allows a basic Michaelis-Menten analysis to be used here, offering more readily accessible insights into factors affecting the responsiveness of biosensors fabricated from ultrathin (10-30 nm) 46 ,56-58 insulating polymers, such as PPD.
A two-substrate model is necessary to describe the kinetics of oxidase enzymes under conditions of varying concentration of both substrate and cosubstrate. 59, 60 When the concentration of the cosubstrate is constant, however, the two-substrate equation simplifies to the one-substrate Michaelis-Menten form (eq 4), in which the current density for the biosensor Glu response, J Glu , is a measure of the overall rate of the enzyme reaction, and J max is the J Glu value at enzyme saturation. Different values of J max determined under the same conditions reflect differences in the amount of active enzyme on the surface, 41 provided the sensitivity of the electrode to H 2 O 2 (reaction 3) does not vary, as is the case for the PPD-modified Pt cylinders and disks used here. 41, 61, 62 The Michaelis constant, K M , is defined in terms of the rate constants for the generalized reactions (reaction 5) describing the conversion of substrate (S) to product (P), catalyzed by enzyme (E) (see eq 6 63 ). When eq 4 is used to approximate the two-substrate case, the K M is more complex, containing cosubstrate terms. K M is then the apparent Michaelis constant and phenomenologically defines the concentration of substrate that gives half the J max response. Thus, changes in K M are often sensitive to the binding constant, k 1 , and have often been interpreted in terms of barriers to substrate/enzyme binding, 64, 65 as well as changes in oxygen demand. 42 Alternatively, if the concentration of Glu is fixed and O 2 levels are changed, then eq 7 can be used to analyze the oxygen dependence of the Glu signal, 40, 47 for which J′ max is the maximum (plateau) response for a particular concentration of Glu and 
analysis because the apparent Michaelis constants, defined separately, are analytically more straightforward, are useful for defining the linear range for Glu responses (∼0.5 K M (Glu), eq 4), and influence the Glu slope in the linear region, that is, ∼J max / K M (Glu) (see eqs 8 and 9). The smaller the value of K M (O 2 ) in eq 7, the lower the oxygen dependence because higher oxygen affinity leads to oxygen saturation at lower pO 2 , thereby reducing biosensor dependency at higher pO 2 levels. Nonlinear regression analysis of the Glu response (eq 4), expressed in current density, and the oxygen dependence of the Glu signal (eq 7) were carried out using a software package (Prism, GraphPad Software, Inc., San Diego, CA). Linear regression was performed on the Glu dependence of the biosensor signal (0-100 µM) to obtain an experimental value of the linear region slope (LRS). Values of J max , K M (Glu), LRS, and K M (O 2 ) are presented as mean ( SEM, with n ) number of biosensors; response times are reported as mean ( SD, with n ) number of electrodes × determinations. The statistical significance of differences observed between responses for the various designs was calculated using Student's two-tailed unpaired t-tests on the absolute current densities, slopes, or Michaelis-Menten parameters.
RESULTS AND DISCUSSION
Biosensor Designs. Four configurations based on Pt coated with GluOx and PPD are reported here. The classical design, 28 which was the first of these used for brain implantation, 67 involves a Pt wire cylinder (125-µm diameter, 1-mm length) onto which enzyme is deposited by dip evaporation, followed by electrosynthesis of the permselective polymer, Pt C /GluOx/PPD. These devices show relatively low Glu sensitivity, 40 and in a recent study, we demonstrated that the corresponding enzyme/polymer configuration deposited on disks made from the same wire (Pt D / GluOx/PPD) showed significantly higher Glu sensitivity in the linear response region, coupled with a lower dependence on solution pO 2 . 40 A main aim of this work was to investigate this apparently contradictory behavior of higher substrate sensitivity combined with lower oxygen dependence.
Another recent report showed that, for glucose biosensors incorporating PPD and GOx, depositing the enzyme after the polymerization step enhanced the sensitivity of both disk-and cylinder-based devices. 42 We also investigate here, therefore, the Glu and oxygen responses of the corresponding polymer/enzyme arrangements for GluOx: Pt C /PPD/GluOx and Pt D /PPD/GluOx.
Response Time and Limit of Detection. A number of aspects of the structure and behavior of Pt/oxidase-PPD biosensors indicate that their response is determined by enzyme kinetics, and not by diffusion through the polymer/enzyme composite (PEC) layer. First, the thickness of these PPD-based insulating layers (10-30 nm), 46 ,56-58 serving as both permselective barrier and immobilization matrix, is of the order that has been shown theoretically not to be limited by diffusion within the enzymecontaining layer. 53, 55 Second, the response time of oxidase/PPDbased biosensors is fast, 68 being determined by the mixing time in stirred solution. 24, 56 This contrasts with oxidase-containing biosensors incorporating thicker films, such as redox hydrogels (∼30 s) 7,15,69 and polypyrrole films (∼1 min). 56, 70 To confirm that the response times of the biosensor designs described here were consistent with the kinetic model used, we determined t 90% for both H 2 O 2 and Glu using addition of aliquots to continually stirred solutions. The Pt D /GluOx/PPD design was chosen for this study because it showed the greatest enzyme loading density (see below) and, therefore, was most likely to deviate from ultrathin behavior. 53,55 The t 90% value for H 2 O 2 at bare Pt D was 1.2 ( 0.6 s (mean ( SD, n ) 8 sensors × 5 determinations), and gives a measure of the mixing time in the electrochemical cell under the stirring conditions used. Following deposition of the GluOx/PPD layer, t 90% for H 2 O 2 increased slightly but significantly to 1.8 ( 0.6 s (n ) 40, p < 0.0001, as compared with the bare Pt D metal). The value of t 90% for the Glu response at these Pt D /GluOx/PPD biosensors was 3.0 ( 1.2 s (n ) 40). Therefore, even for the design with the highest GluOx loading (Pt D /GluOx/PPD; see Figure 1 and Table 1), the involvement of GluOx in the generation of the H 2 O 2 signal (Glu mass transport and reaction kinetics: reactions 1 and 2) added only ∼1 s to the response time, consistent with minimal hindrance of Glu access to the enzyme by the PPD layer. The corresponding response time for Glu at the Pt C /GluOx/PPD cylinder design, which Table 1 for mean calibration parameters of large populations of these two configurations. showed a 15-fold smaller mean J max value (Table 1) was tested by determining the two Michaelis-Menten parameters for each biosensor, calculating their ratio (J max /K M ), and plotting this ratio against the experimentally measured LRS for the corresponding electrode. The linear regression slope of 1.1 ( 0.1 (R 2 ) 0.97, n ) 54; see Figure  2 ) agrees well with the predicted value of unity (eq 9) and illustrates the suitability of the single substrate Michaelis-Menten analysis for both cylinder and disk biosensors.
However, although eq 9 was equally valid for Pt C /GluOx/PPD and Pt D /GluOx/PPD configurations (Figure 2) , the difference between the average values of the LRS for the two designs reported recently 40 was confirmed for these larger populations of electrodes (nA cm -2 µM -1 ): LRS C ) 13 ( 2 (n ) 34); LRS D ) 28 ( 2 (n ) 46; p < 0.0001) (see Table 1 ). Both the geometric area and LRS of these Pt D -based biosensors were similar to the more complicated carbon fiber cylinder designs involving catalytic oxidation of H 2 O 2 using redox polymers and horseradish peroxidase. 15 The values of J max and K M (Glu) for the cylinder-and diskbased biosensors were examined in an attempt to understand this difference.
J max and K M (Glu) for the Pt/GluOx/PPD Design. The most distinctive feature of Figure 1 is the significantly larger J max value for disks versus cylinders. Classical electrochemistry would suggest that the diffusion of analyte to an electrode surface should be more efficient via hemispherical 77 versus cylindrical 78 diffusion. However, the finding that the response of electroactive species, such as ascorbate at bare Pt 62 and H 2 O 2 at PPD-coated Pt, 41 differ little for electrodes of the size and geometry used here over similar (long) time scales indicates that diffusion of Glu to the biosensor cannot account for the differences between Pt C /biosensors and Pt D /biosensors illustrated in Figure 1 .
Large populations of Pt C and Pt D biosensors of this GluOx/ PPD design were calibrated in the same way to investigate the reproducibility of differences shown in Figure 1 (see Table 1 ). On average, the J max value, and therefore enzyme loading, 41 for Pt D /GluOx/PPD was 15 times greater than for Pt C /GluOx/PPD. This is consistent with retention of a dome of enzyme solution around the disk tip as it is removed vertically from the GluOx Figure 2 . A linear regression test of eq 8 for the Pt/GluOx/PPD configuration of both geometries was executed by determining the two Michaelis-Menten parameters for each biosensor (Figure 1 ), calculating their ratio as Jmax/KM, and plotting this ratio against the experimentally measured Glu LRS for the corresponding electrode. Equation 8 predicts a slope of unity. There was no significant difference between the regression slope for PtC/GluOx/PPD (0.95 ( 0.04, R 2 ) 0.96, n ) 30) and that for PtD/GluOx/PPD (1.10 ( 0.05, R 2 ) 0.96, n ) 24); these two populations were therefore pooled (1.1 ( 0.1, R 2 ) 0.97, n ) 54).
solution during the dip-evaporation procedure, as expected from surface tension considerations. Upon evaporation, the density of GluOx on the disk surface was, therefore, higher than that achieved when the corresponding cylinder geometry was prepared. A similar effect has been observed in the preparation of GOx-based glucose biosensors. 41 More surprising, however, was the 7-fold increase in the mean K M (Glu) value for these disk biosensors (Pt D /GluOx/PPD) as compared with the cylinders (Pt C /GluOx/PPD; see Table 1 ). Thus, the design with the higher mean J max displayed the higher K M (Glu) value and explained why the 15-fold increase in J max achieved for the disks led to only a 2-fold increase in the LRS (see eq 9). To determine whether this disparity in K M (Glu) was due to size/shape differences between the two designs, a correlation analysis for K M (Glu) versus J max was performed on the design with the greater range of J max values, Pt D /GluOx/PPD. There was a strong (slope ) 35 ( 3 µM µA -1 cm 2 , n ) 46) and significant correlation (R 2 ) 0.81, p < 0.0001) between these two variables (see Figure 3) . The Pt D /GluOx/PPD sensors that were fabricated with the greater number of GluOx dips generally showed the higher J max value in subsequent Glu calibrations, although there was a degree of variation within each dip group. The important finding here was that the K M (Glu) value increased significantly with increasing J max and explains why K M (Glu) was lower on cylinders, namely, the small J max value for cylinders (Table 1) . Thus, Pt C /GluOx/PPD electrodes behaved essentially like Pt D /GluOx/PPD sensors with low enzyme loading.
J max and K M (Glu) for the Pt/PPD/GluOx Design. The recent finding that depositing GOx over the PPD polymer in the fabrication of glucose biosensors led to a substantial increase in the analyte LRS 41 prompted us to explore the corresponding configuration involving GluOx: Pt C /PPD/GluOx and Pt D /PPD/ GluOx. In contrast to the behavior of GOx-based biosensors, depositing the GluOx after the electropolymerization step led to no significant change in the mean LRS for Glu (Table 1) . To investigate this further, a correlation analysis for K M (Glu) versus J max was performed on the Pt D /PPD/GluOx design and compared with the Pt D /GluOx/PPD directly (see Figure 3) . There was no distinguishing difference between the regression parameters of these two disk designs, except that the sample of 16 Pt D /PPD/ GluOx electrodes tended to clump at the lower end of the distribution with the majority of the alternative design. Thus, the mean of both J max and K M (Glu) for Pt D /GluOx/PPD was approximately one-half that of Pt D /PPD/GluOx (Table 1) .
This analysis and a comparison with its equivalent for PPDGOx biosensors 41 reveals an important difference between the behavior of GOx and GluOx immobilized on solid surfaces. K M (G) for GOx-based sensors was very sensitive to the PEC layer configuration (GOx/PPD versus PPD/GOx); for example, being significantly lower for Pt D /PPD/GOx than for Pt D /GOx/PPD. 41 It appeared that GOx loading itself did not greatly influence K M (G), but the PPD polymer did so, representing a steric barrier to the neutral glucose molecule (equivalent reaction 1 for glucose, and eq 6). In contrast, the major determinant of the value of K M (Glu) was GluOx loading, with the order of PPD deposition playing a relatively less significant part (Figure 3) . These data are consistent with the hypothesis that for anionic substrates such as Glu interacting with polyanionic proteins (pI for GluOx is 6.2), 19 high loading of enzyme leads to an electrostatic barrier, reducing the affinity of enzyme for its substrate. 79 The overall outcome of this interaction is that increasing the density of GluOx on the disk surface increases the K M (Glu) significantly (see Figure 3 ) but has little effect on the LRS; indeed, there was no correlation (R 2 ) 0.01, n ) 62) between Glu sensitivity in the linear response region (LRS) and enzyme loading (J max ) over the range of J max shown in Figure 3 .
Oxygen Sensitivity Studies. Figure 4 shows the effect of changing the concentration of oxygen in the electrochemical cell, from submicromolar levels to 50 µM, on the biosensor signal recorded for 50 µM Glu using two Pt D /GluOx/PPD electrodes (Glu) vs Jmax values, obtained using eq 4 (see Figure 1) , for PtD/GluOx/ PPD (slope ) 35 ( 3 µM µA -1 cm 2 , R 2 ) 0.81, n ) 46) and PtD/ PPD/GluOx (slope ) 34 ( 9 µM µA -1 cm 2 , R 2 ) 0.51, n ) 16) biosensors. There was no significant difference between these slopes; the two populations were therefore pooled (35 ( 2 µM µA -1 cm 2 , R 2 ) 0.82, n ) 62). Examples of unfiltered data, recorded amperometrically (+700 mV vs SCE) at 10 Hz with two PtD/GluOx/PPD biosensors of the same size and design, but showing different Glu sensitivity (LRS values) and plotted against oxygen concentration recorded simultaneously using a CellOx sensor. The curve in each case represents the nonlinear regression analysis using eq 7. Surprisingly, even for biosensors of the same geometry, size, and design, the device with the higher Glu LRS showed a lower oxygen dependence, KM(O2). The regression parameters obtained for these examples (50 µM Glu) were J ′ max ) 1.62 ( 0.01 µA cm -2 , KM(O2) ) 3.20 ( 0.04 µM, R 2 ) 0.981 (higher LRS sensor); and J ′ max ) 1.45 ( 0.01 µA cm -2 , KM(O2) ) 8.53 ( 0.07 µM, R 2 ) 0.994 (lower LRS sensor).
that displayed different Glu LRS sensitivity. The oxygen dependence can be quantified as K M (O 2 ), defined in eq 7. 40, 41, 47 Unexpectedly, the biosensor with the greater Glu sensitivity (LRS) showed the smaller K M (O 2 ) value, that is, displayed a lower oxygen dependence. This anomaly is in line with that described for differences in the oxygen dependence of cylinder and disk Glu biosensors 40 but is more remarkable because the comparison shown in Figure 4 is between data recorded with two biosensors of the same design, Pt D /GluOx/PPD.
We established recently that K M (O 2 ) increases linearly with Glu concentration in the experimental range 5-150 µM Glu, with a limit of 0 µM oxygen as the concentration of Glu approaches 0. 40 The slope of these K M (O 2 ) versus Glu concentration plots defines the oxygen dependence of the sensor design in terms of micromolar oxygen per micromolar Glu (µM(O 2 ) µM(Glu) -1 ). The K M (O 2 ) values were, therefore, determined over a range of Glu concentrations for each of the four biosensor designs. There was no significant difference between the corresponding linear regression slopes for the GluOx/PPD and PPD/GluOx configurations within the two populations defined by geometry, and so the slopes were pooled: Pt C /GluOx∼PPD (0.24
To investigate this difference in K M (O 2 ) between disks and cylinders and between disk-based biosensors of the same design (Figure 4) , correlation analyses were performed for K M (O 2 ) versus the Glu Michaelis-Menten parameters: J max for GluOx loading (eq 4) and K M (Glu) as a measure of enzyme affinity for substrate (see eqs 5 and 6). Reciprocals of the Michaelis-Menten parameters were used for the following reasons. A common strategy of increasing biosensor sensitivity is to increase the loading of active enzyme; it is particularly important, therefore, to understand the influence of high GluOx surface density on biosensor oxygen sensitivity. As enzyme loading increases, 1/J max approaches 0, and it is more reliable to focus in on this region of the plot, as opposed to an indefinitely increasing value of J max .
The continuity of the behavior of cylinder versus disk biosensors in Figure 2 and PPD/GluOx versus GluOx/PPD polymer/ enzyme configurations in Figure 3 suggests that the major determinant of biosensor behavior is enzyme loading. As GluOx loading increased, K M (Glu) increased proportionately (Figure 3 ), but it is not immediately obvious which of the three rate constants in eq 6 are involved in this change. For a system in which the main determinant is enzyme loading, we argue that once the enzyme/substrate complex is formed (eq 5), GluOx surface density will have little effect on k -1 and k 2 . More specifically, we suggest that the increase in K M (Glu) observed with increased J max is due mainly to a decrease in k 1 associated with unfavorable interactions between anionic Glu and the high density of surface protein. Therefore, to investigate the relationship between K M (O 2 ) and K M (Glu), 1/K M (Glu) was used as a direct function of k 1 .
Figure 5 (bottom) shows a single linear correlation (R 2 ) 0.77, n ) 25) between K M (O 2 ) and 1/K M (Glu) for the combined populations of cylinder and disk biosensors. The intercept on the K M (O 2 ) axis was effectively 0 (0.02 ( 0.02, n ) 25), indicating that the oxygen dependence vanished as k 1 (eq 6) approached 0, as expected (no H 2 O 2 produced in reaction 2). K M (O 2 ) increased steadily as k 1 increased over the entire range of J max observed in this study (up to 400 µA cm -2 ). This again is expected as a result of an increase in the rate of H 2 O 2 generation. Thus, Figure 5 (bottom) is totally in line with expectation on the basis of reactions 1 and 2.
The overall relationship between the data points for the K M (O 2 ) versus 1/J max plot ( Figure 5, top) is not as clear-cut. There is a greater clustering of the disk and cylinder points, due to the large difference between the mean J max values for the two geometries (Table 1) . To help choose a suitable fit for these data, we reiterate the continuity in behavior shown by the different designs in a variety of analyses (Figures 2, 3, and 5 (bottom) ). In addition, although the data in Figure 5 (top) do not represent clear evidence for this "continuum" hypothesis, they are not inconsistent with it. Therefore, a reasonable approach was to choose the simplest relationship that fitted all the K M (O 2 ) versus 1/J max data adequately, a hyperbola (R 2 ) 0.80, n ) 25).
For very low GluOx loading, the oxygen dependence approached an asymptotic value of 0.27 ( 0.03 µM(O 2 ) µM(Glu) -1 , corresponding to the limit of infinite dispersion of enzyme molecules on the electrode surface ( Figure 5, top) . This limiting behavior of K M (O 2 ) is not unexpected. The apparent anomaly in these data is the direction of change away from the asymptote Figure 5 . Scatter plots and regression analyses for biosensor oxygen dependence, KM(O2), versus reciprocal of active enzyme loading, 1/Jmax (top), and 1/KM(Glu) (bottom), used as a measure of enzyme affinity for substrate, k1 in eq 5 (see eq 6). As in Figure 3 , there was no difference in the behavior of PPD/GluOx versus GluOx/ PPD polymer/enzyme configurations, and therefore, single populations were formed for each of the geometrical designs, PtC/biosensor and PtD/biosensor. Although dispersed at either end of the distributions, the cylinder and disk forms of the biosensor displayed a continuity of behavior, suggesting enzyme loading is the main difference between these designs. for higher GluOx loadings: decreasing rather that increasing. Thus, as the enzyme loading increased, the oxygen dependence decreased toward 0 (data points and curve), a totally counterintuitive, and potentially valuable, finding in the context of Glu biosensor design. This behavior of the GluOx system stems from the relationship illustrated in Figure 3 (steady, major increase in K M (Glu) with J max ) and the consequence of this for the oxygen dependence of these biosensors. As GluOx loading was increased, K M (Glu) increased, probably due to a reduction in k 1 , but this had the effect of reducing oxygen demand on a molecular (enzyme) level (Figure 5, bottom) . This explains the anomaly displayed by the average K M (O 2 ) values above, as well as preliminary results reported recently. 40 Therefore, increased GluOx loading had dual beneficial effects of a modest increase in Glu sensitivity in the LRS (Table 1 ) and a reduction in oxygen dependency in the LRS range of Glu concentrations (Figure 5,  top) .
These PPD-based sensors compare favorably with an optimized redox polymer design reported recently, but whose oxygen dependence has yet to be determined. 80 The redox polymermodified carbon fiber design, which has a geometric surface area similar to Pt D electrodes, showed about a 3-fold higher sensitivity than the PPD-modified disk designs described here; this advantage was achieved, at least in part, by the thicker hydrogel matrix involved. The consequent disadvantage of thick layers, however, was a response time that was an order of magnitude slower than the PPD designs, a significant limitation for monitoring potentially fast Glu transients in vivo. We are currently investigating the characteristics of the PPD-based Glu biosensors in behaving animals in terms of their sensitivity, selectivity, and stability.
CONCLUSIONS
The data and analysis presented here provide an explanation for the apparent anomalous behavior of Glu biosensors based on Pt disks and cylinders presented recently 40 and show that enzyme loading, not geometry, was the underlying difference between the Glu and oxygen responses of these two designs. This study also shows that the alternative arrangement of depositing enzyme after electropolymerization of the PPD had no significant effect on biosensor parameters, a marked divergence from the properties of glucose biosensors incorporating GOx. 41 Control of the oxygen dependence of these devices was possible by varying the loading of GluOx, a behavior that was rationalized in terms of the relationships between J max , K M (Glu), and K M (O 2 ). Of the four designs, the Pt D /GluOx/PPD electrode offered the highest LRS current density and lowest oxygen dependence. However, even the cylinder designs that showed the lowest enzyme loading and, therefore, the highest K M (O 2 ) were capable of working at 90% efficiency down to concentrations of oxygen as low as 20 µM for 10 µM Glu. 40 The suitability of the design for a given application depends on the concentration of Glu being monitored, as well as the range of fluctuations in pO 2 relevant to that medium. For example, Glu concentrations under physiological conditions are normally below 10 µM for cerebrospinal fluid 71,72 and brain ECF, 73-75 but 100 µM levels have been detected in the ECF following brain trauma. 76 Thus, if the trauma also involved anoxia, then the combination of excessive Glu and low pO 2 could undermine the functionality of the Glu biosensor. We are presently exploring the behavior of these biosensors in the intact brain in terms of sensitivity, selectivity, and stability in vivo. The oxygen dependence of PECbased biosensors, whose Glu sensitivity has been increased significantly by the incorporation of polyelectrolytes, 79 is also under investigation.
